After hatching, larvae of coral reef fishes experience a pelagic phase during which they are diurnal planktivores. It has been suggested that ultraviolet (UV) vision is beneficial for the detection of planktonic prey. Aims were therefore to investigate whether ocular media of pre-settlement reef fish differ from those of respective adults, and whether larvae have UV-transparent ocular media required for UV vision. The ocular media of 84 pre-settlement and 98 adult species belonging to the same families were measured and compared. We suggest that adult lifestyle rather than planktivory in general shapes the ocular media properties of pre-settlement larvae.
Introduction
Fish are found in a wide range of habitats and are able to survive in a large variety of different light environments. The spectral sensitivity of their visual systems is tuned to the specific light conditions of the habitats they occupy (Lythgoe, 1972 (Lythgoe, , 1979 , which probably enhances their ability to detect important objects (prey, predators) within their specific environment. Fish living in tannin rich freshwater, for example, are sensitive to longer wavelengths than fish living in clear oceanic waters (Lythgoe, 1972 (Lythgoe, , 1979 .
Studies over the last two decades have revealed that the visual system of fish is not fixed. Instead, it appears that photoreceptor sensitivities can either shift, in order to suit new conditions (Shand, 1993; Shand, Hart, Thomas, & Partridge, 2002) , or entire photoreceptor populations can be reduced/lost and regained during different life phases (Hawryshyn, Martens, Allison, & Anholt, 2003; Novales Flamarique & Browman, 2000) . The largest changes tend to be observed in the short-wavelength range (UV-blue), although there is some evidence that the changes may also occur at the longer wavelength (red) end of the spectrum (Shand, 1993) .
As fish age, many species move between two or more habitats, or swap between nocturnal and day-time activity. As they do so, their visual systems may be required to operate under quite different lighting conditions. This is exemplified in the transition from the larval to juvenile life stages in reef fishes. Before settling on a reef, the larvae of many reef fish go through a pelagic phase during which they can be found several kilometres from the nearest reef (for reviews see Leis, 2006; Leis, Sweatman, & Reader, 1996) . Given the plasticity of the visual systems of certain fish species, it seems reasonable to ask if reef fish have different visual capabilities before and after settlement on the reef.
After hatching, the eyes of several fish species lack visual pigment, and yet by the time they feed for the first time, their eyes are functional and have developed a pure cone retina with an initial single morphological photoreceptor class (Blaxter, 1986; Shand, Archer, & Collin, 1999) . Rods and other cone classes in many species develop later, at or just before the transition from the larval to the juvenile stage at settlement (Evans & Fernald, 1990; Shand, 1993) . The timing and extent of changes within the visual system during this transition have been shown to correlate 0042-6989/$ -see front matter Ó 2007 Elsevier Ltd. All rights reserved. doi:10.1016/j.visres.2007.05. 014 with the post-settlement lifestyle and ambient light environment of these fish (Blaxter, 1986; Shand et al., 1999) . The only evidence for such a change in the visual system of larval reef fishes comes from a behavioural study investigating the ability to capture prey under different light conditions. An ontogenetic shift in overall spectral sensitivity towards longer wavelengths was found in the damselfish Pomacentrus amboinensis and Premnas aculeatus but not in the cardinalfish Apogon compressus (Job & Shand, 2001) .
Evidence suggests that it would be advantageous for planktivorous larval fishes to have ultraviolet sensitivity. Physical measurements have revealed that ultraviolet (UV) sensitive visual pigments are common in temperate marine fish larvae (Britt, Loew, & McFarland, 2001 ) and that UV receptors are often present in planktivorous adult fish (Hawryshyn, Moyer, Allison, Haimberger, & McFarland, 2003; McFarland & Loew, 1994) . This has been further corroborated by behavioural data demonstrating that some planktivorous fish are efficient feeders under UV only illumination, as compared with full spectrum natural sunlight (Browman, Novales-Flamarique, & Hawryshyn, 1994) . The reason for this may be that UV sensitivity leads to an enhancement of the perceived contrast between small planktonic particles and the generally shorter-wavelength background of the open ocean (Bowmaker & Kunz, 1987; Britt et al., 2001; Browman et al., 1994; McFarland & Loew, 1994) .
UV sensitivity comes at a cost, however. Short wavelength radiation may lead to damage of ocular tissues (Zigman, 1971) , and this may be one of the reasons why many animals including various fish species possess ocular media filters that prevent ultraviolet light from reaching their retinae (Losey et al., 2003; Siebeck & Marshall, 2001; Thorpe, Douglas, & Truscott, 1993) . The present study examined whether pre-settlement reef fish larvae are potentially able to see UV light, which may aid their planktivorous lifestyle before settlement on the reef. The transmission properties of their ocular media (whole eye, lens and cornea) were examined to estimate the likelihood of UV sensitivity. Ultraviolet vision is only possible if UV light is transmitted by the ocular media and thus reaches the retina. UV vision can then either be achieved by having a photoreceptor specifically tuned to those wavelengths, or via the secondary absorption peak (b-peak) of any of the longer wavelengths sensitive receptors (Dartnall & Lythgoe, 1965) . To quantify the changes in the ocular media properties that may occur with age and changes in lifestyle the transmission properties of the ocular media of pre-settlement larvae were compared to those of postsettlement live stages (juveniles and adults).
Materials and methods

Collection of specimens
Pre-settlement larvae from 84 species and post-settlement juveniles and adults from 98 species belonging to the same 23 families were collected. Settled fish (referred to as adults from here on) were caught with barrier and hand nets during a number of field trips to the Heron and Lizard Island Research Stations and the Aquarius Habitat in Florida, between 1999 and 2004. All pre-settlement larvae were caught with automated light traps during the night and taken to the research station just after dawn (see Strobutzki & Bellwood, 1998 for detailed description of the light traps). The fish for the ocular media measurements were transferred into covered holding aquaria with a flow-through saltwater system until measurement. The measurements were made as soon as possible on the same day to prevent possible settlement in the holding tanks. Identification of the families and species was accomplished with the help of J. Leis (Australian Museum, Sydney) and M. Gagliano (James Cook University, Townsville). Not all fish could be identified to species level and some descriptive terms were established to distinguish between two or more members of unknown species in one family (Table 1, e.g., 'Apogon blackhead', same species as in Leis et al. (1996) ). Previously published data for a further 154 species of adult ocular media were also included in the analysis (species marked with asterisk in Table 1 ).
The fish captured in the light traps were typically either settlementstage individuals, or pelagic juveniles and but are referred to in general terms as 'pre-settlement larvae', abbreviated in this paper to 'larvae'. The important point to note is that all specimens were very small fish with a pelagic lifestyle (see discussion on terminology in Leis, 2006) . All of the species were planktivorous with the possible exceptions of grunters (Teraponidae) and barracudas (Sphyraenidae) which were observed feeding on larval fish.
Because it was not always possible to obtain larvae and adult specimens of the same species due to the different sampling methods, analyses of data were conducted at the family rather than species level. In most cases, a greater number of adult species was sampled, and for these, only relatively minor species specific differences were found.
Transmission measurements
Fish were anaesthetised and euthanised with clove oil (Munday & Wilson, 1997) and their eyes were enucleated. The preparation and placement of the ocular media was carried out under a dissecting microscope. Transmission measurements (300-800 nm) of whole eyes (through an incision at the back of the eye), isolated corneae and lenses were made with a spectrometer (S2000 Ocean Optics, Dunedin, USA). Each specimen was placed on a UV-transparent cover slip which was illuminated from above by a fibre optic cable (1 mm diameter) attached to a PX-2 xenon flash light source (Ocean Optics, USA). Another fibre optic cable (50 lm diameter) was placed directly under the specimen stage and delivered the signal to the spectrometer. Prior to measurement, the distance between the ends of the two fibre optic cables was adjusted so that the signal filled the dynamic range of the instrument without saturating. The transmission of the ocular media was measured relative to the signal through the cover slip alone. Two replicate measurements were made of each ocular medium, each based on an average of 50 individual spectra obtained over a series of 10 ms sample periods. The resulting spectral scans were normalised to 100% transmission at 700 nm. The (T50) values, which represent the wavelength at which 50% of the maximum transmission is reached, were extracted using the procedure described in Siebeck and Marshall (2001) .
Results
General ocular media filter properties
The ocular media of larvae showed the same general characteristics as those of adult fish. They can be described as cutoff filters and sorted into three of the same four classes (class I-IV) found for adult fish (defined in Siebeck & Marshall, 2001; Fig. 1a) . Briefly, the transmission curves of class I filters have a sudden single cut-off and a steep slope (<30 nm between 20% and 80% transmission), class II curves have a Table 1 List of all specimens measured (continued on next page) more gradual single cut-off and a gradual slope (>30 nm between 20% and 80% transmission), class III curves have three intermediate maxima between maximum and minimum transmission and class IV curves transmit 95%-99% of the wavelengths between 300 and 700 nm. No examples of class III ocular media were found for larvae. Similar to adult ocular media, larvae class I ocular media cut-off at longer wavelengths than class II ocular media (Mann-Whitney U: 88, p < 0.0001; Siebeck & Marshall, 2001 ).
In both age groups, the most common filter class for cornea filters was class II (62% of larval and 64% of adult corneae), followed by class IV (37% of larval and 10% of adult corneae) and class I (1% compared with 12% of adult corneae). None of the larvae had class III cornea transmission properties (compared with 15% of adult corneae; Fig. 1b ). Similar to the lenses of adults, larvae lenses show either class I (larvae: 41%; adults 63%) or II characteristics (larvae: 41%; adults 37%; Grey cells indicate larval specimens. When more than one specimen was measured (N > 1), the range of T50 values is given for each type of ocular medium together with the size range of specimens. Food type was determined using the website http://www.fishbase.org as well as Randall et al. (1997) ; empty fields indicate that no reference was found for those species. All larval fish are assumed to be planktivorous. * Species for which some data were published in Siebeck and Marshall (2001) . STL, standard length; C, carnivorous; Cl, cleaners; Co, corallivorous; H, herbivorous; O, omnivorous; P, planktivorous; U, unknown. Fig. 1b ). Class II properties were found more often in the whole eye filters (combined transmission of cornea, lens and humours) of larvae compared to adults while the opposite was true for class I filters (Fig. 1b) . Neither adult nor larvae whole eyes were found to have class IV transmission characteristics.
Distribution of T50 values
The range of T50 values confirms earlier results and was found to extend from 436 nm to below 300 nm when species with class III corneae are excluded ( Fig. 2 ; Siebeck & Marshall, 2001) . The shape of the frequency distribution of T50 values of all ocular media is similar for larvae and adults and roughly follows a bimodal (lenses and whole eyes) or, in the case of corneae, possibly trimodal shape. In each case, the frequency peaks of larval ocular media T50 values are shifted to shorter wavelengths than those of adults. This is most pronounced for cornea T50 values that peak at 380, 345 and below 300 nm in the case of adults and 345, 315 and below 300 nm for larvae. The most prominent peak in whole eye T50 values lies around 405 nm for adults and 395 nm for larvae followed by a secondary peak around 350 nm (adults) and 325 nm (larvae).
In both groups, the distribution of the lens T50 values was similar to that of whole eye T50 values, indicating that lenses are generally the limiting filters of the eye. Only in 12 and 3 cases, respectively, adult and larval corneae acted as the limiting filters of the whole eye (Table 1) .
3.3. Distribution of whole eye T50 values across families 3.3.1. General Ocular media of larvae belonging to 23 families were measured (Table 1 ). The range of larvae whole eye T50 values varied from family to family (Fig. 3a) . The largest range was found for Blenniidae (328-404 nm; N = 2 species) whilst the smallest range was found for the Carangidae (394-404 nm; N = 3 species) counting families with at least three species only. Holocentridae had the highest (range 400-436 nm; N = 4 species) and the Pomacentridae the lowest (Lepidozygus tapeinosoma 314 nm) T50 values of all measured larvae species.
Comparison of family mean whole eye T50 values for larvae and adults
In 11 families (of a total of 14 families with at least 2 replicates per group), there were no significant differences between the mean T50 values for larvae and adults of the same family (Fig. 3b) . In two families, the T50 values for larvae were significantly higher than for adults: Holocentridae larvae blocked all UV light (mean T50: 420 ± 5.8 nm) while some adults transmitted down to 351 nm (mean T50: 372 ± 6.6 nm; t-test, t = 5.2, df = 9, p = 0.0006); and for Apogonid larvae the T50 was significantly greater than in adults (means 365 ± 5.0 nm, 351 ± 3.3 nm, respectively; t-test, t = 2.7, df = 25, p = 0.0108). In contrast, the opposite trend was found for Pomacentridae (larvae: 330 ± 2.6 nm, adults: 355 ± 3.1 nm: t-test, t = 5.7, df = 50, p < 0.0001) and Gobiidae (larvae 399 ± 2 nm, adults 410 ± 1.8 nm, t-test, t = 4.0, df = 12, p = 0.0017). In the 9 families where fewer than 2 replicates existed for larvae ocular media, differences of less than 5-20 nm were found in 7 families (Fig. 3) . The single larval specimen measured for Labridae had a T50 value of 355 nm which was 15 nm below the lowest T50 value for adults (Pseudocheilinus tetrataenia: 370 nm) and 74 nm below the mean T50 value for the family (429 ± 33 nm). The single larval specimen (Terapon theraps) in the family Teraponidae had a T50 value of 320 nm compared to the respective adult T50 of 330 nm.
Influence of lens diameter on lens transmission properties
With increasing lens diameter the transmission properties of the lenses of some species changed while those of other species remained the same. Below are examples for the three cases found, lens T50 increases with lens diameter increase, no change in lens T50 with increasing lens diameter, and lens T50 decreases with lens diameter increase.
Pomacentridae: With increasing lens diameter, the T50 values generally increase so that smaller larvae lenses had lower T50 values than adult lenses. The regression has a slope that is significantly different from zero, however r 2 is small (r 2 = 0.31; Fig. 4a ). Most measurements exist for a size range of the species Pomacentrus moluccensis (N = 21). A strong linear relationship was found between the lens size and the lens T50 values (r 2 = 0.89, slope 245.4, p < 0.001; Fig. 4a) .
Serranidae: With increasing lens diameter the T50 values do not increase (y = À3x + 408; p > 0.05; r 2 = 0.01; Fig. 4b ). Most measurements exist for Plectropomus leopardus (N = 7). The T50 values of the lens did not change even though measurements were taken from a large size range of lenses (0.055-0.75 cm) that correspond to fish with standard lengths of 1.73-46 cm.
Holocentridae: With increasing lens diameter the T50 values decrease significantly so that adult fish have lower T50 values than larval fish (y = À100x + 434; r 2 = 0.75; p < 0.001; Fig. 4c ). For Neoniphon samara (N = 4) and species belonging to the genus Myripristis (N = 5), adult fish had much lower T50 values than pre-settlement larvae (Neoniphon: y = À137.8x + 417.7, p < 0.001, r 2 = 0.98; Myripristis: y = À110.4x + 437.5, p < 0.001, r 2 = 0.99). Unfortunately, only one adult specimen was measured in each case.
Lifestyle and feeding strategy and ocular media properties
Larval and adult whole eye T50 values were sorted into 3 groups each, according to their lifestyles as adults (i) planktivorous (diurnal), (ii) non-planktivorous (including herbivorous, carnivorous, coralivorous and omnivorous fish, diurnal) and (iii) nocturnal (variety of feeding strategies). Dunn's multiple comparisons following a Kruskal Wallis test showed that ocular media of planktivorous fish (larvae and adults) had significantly lower T50 values than those of non-planktivorous fish but no difference was found for T50 values of planktivorous and nocturnal fish ( Fig. 5 and Table 2 ). Nocturnal adults had significantly lower T50 values than non-planktivorous adults and no difference was found between T50 values of nocturnal and planktivorous adults. Larvae with planktivorous adult lifestyles had significantly lower T50 values than larvae with nocturnal adult lifestyles. Planktivorous adults had significantly lower T50 values compared to non-planktivorous larvae and planktivorous larvae had significantly lower T50 values compared to non-planktivorous adults.
Discussion
Before settlement on the reef, reef fish larvae go through a pelagic phase during which most of them are diurnal planktivores. At settlement, many experience a large change in lifestyle and feeding preference in addition to the change in habitat and light environment. Above visual threshold quantities of UV are known to penetrate oceanic water to several hundred meters depth (Frank & Widder, 1996) and the water around coral reefs to at least 20 m depth (Losey et al., 1999; McFarland & Munz, 1975; Siebeck & Marshall, 2001) . UV vision has been hypothesised to be beneficial to fish with a planktivorous lifestyle either through contrast enhancement between UV-absorbing prey and UV-rich background or, at least for polarisation sensitive animals, through the detection of polarisation patterns of transparent prey (Britt et 
1994
). In addition, polarisation sensitive animals may be able to use the UV channel for navigation through the pelagic environment before settlement (Waterman, 2006) . Table 2 for results of statistical analysis. Pre-settlement planktivorous larvae should therefore have UV-transparent ocular media in order to maximise their ability to detect planktonic prey during a time when survival is limited by their ability to find food (Blaxter, 1986) . Little evidence was found to support these hypothesised trends in UV sensitivity. While larvae ocular media, in general, transmitted shorter wavelengths than adult ocular media, not all larvae had UV-transparent ocular media. In fact, a surprisingly large number absorbed almost as much UV as respective adults (Fig. 3) . In general, the ocular media of larvae were found to have very similar properties to those of adults of the same family. However there were some exceptions to this rule. In Pomacentridae and Gobiidae larval ocular media transmitted to significantly shorter wavelengths than adults and it is possible that this represents an adaptation to the planktivorous lifestyle whilst in the larval stage. Similarly, the single larval representatives of Labridae, Teraponidae and one of the two species of Blenniidae measured had much lower T50 values than the average adult of the same families, however, more data are needed to confirm this.
Interestingly, in Holocentridae and Apogonidae larval ocular media transmitted significantly less UV than adult ocular media. In Holocentridae, larval ocular media blocked all UV while the ocular media of Apogonids transmitted to 365 nm. This difference could be explained by the finding that pre-settlement holocentrids are found close to the water surface (0-6 m depth) where they are exposed to larger amounts of short wavelengths light than apogonid larvae that prefer to stay deeper (6-20 m depth; Leis, 1991) . Members of both families are crepuscular/nocturnal as adults but have ocular media that transmit UV to different degrees (Apogonid mean T50: 351 nm and Holocentrid mean T50: 372 nm). UV-reflecting patterns have been found on Apogonids whereas none of the species of Holocentridae investigated showed any UV-reflectance (Marshall, 2000) . There is some evidence that UV patterns are important for mate choice in Apogon leptacanthus (Ö stlund-Nilsen, unpub results). It is thus possible that adult Apogonids transmit relatively more UV than Holocentrids because they use it for signalling.
When the data are sorted according to adult lifestyle, an interesting pattern emerges. The larvae of planktivorous adults have ocular media that transmit significantly more UV than their respective adults, planktivorous adults have ocular media that transmit significantly shorter wavelengths than non-planktivorous adults but there is no difference between T50 values of larvae and adult ocular media that belong to the non-planktivorous group. One has to be careful with the interpretations of these patterns however, as one potential problem with the comparison of T50 values across species is that individual data points are not independent of one another. As a consequence, we cannot easily distinguish between the effects of phylogeny and lifestyle. Unfortunately, there is a lack of detailed genetic information to complete phylogenetic analyses of the entire dataset (Klanten, van Herwerden, Choat, & Blair, 2004) and thus a careful evaluation of the data is needed.
In many cases, ocular media of larvae were very similar to those of adult fish of the same families. This demonstrates, at least in those cases, that phylogenetic relationship rather than lifestyle is more likely to be responsible for the ocular media properties. However, there are also families where larval ocular media transmit much shorter wavelengths than the ocular media of adult fish of the same family. It is possible that in those cases the UV transparency of the ocular media is an adaptation to the planktivorous lifestyle, or alternatively that UV transparency has been retained in those species.
This reasoning can also be applied to adult fish. If the planktivorous lifestyle is indeed correlated with ocular media transparency, then planktivorous species within generally non-planktivorous families would be expected to have UV-transparent ocular media. This was found to be true for specimens belonging to 4 out of 6 families exhibiting this type of mixed lifestyle (Chaetodontidae, Carangidae, Labridae and Acanthuridae but not Gobiidae and Serranidae). Also, amongst the Pomacentridae there was only one species with a carnivorous lifestyle (Hypsipops rubicundus) and it was found to have the highest T50 value of all species sampled in the family. It therefore appears that the visual system of larvae is adapted for their respective lifestyles after settlement. Larvae that turn into non-planktivorous adults and those that turn into planktivorous adults must have different strategies for dealing with the challenge of finding planktonic particles in the open ocean.
Nocturnal fish may be an exception to this hypothesised rule. As adults, their ocular media transmit to similar wavelengths as those of planktivorous adults and cut-off at significantly shorter wavelength than those of nonplanktivorous adults. As larvae however, their ocular media cut-off at significantly longer wavelengths than as nocturnal adults when within family differences are evaluated and as larvae with planktivorous adult lifestyles. In general, UV-transparent ocular media are advantageous for a nocturnal or crepuscular lifestyle because they allow the utilisation of all available photons without the danger of photo-oxidative damage caused by high intensity short wavelength light that diurnal animals are exposed to (Zigman, 1993) . It is possible that the eyes of larval nocturnal species are particularly vulnerable to ultraviolet light as their visual system develops rapidly during the pelagic phase to be pre-adapted to the nocturnal lifestyle. They may thus benefit from reducing UV levels as much as possible until they are no longer active during the day and exposed to UV radiation. Evidence for a rapid development of a sensitive nocturnal visual system during the pelagic phase has been found for apogonid pre-settlement larvae (Job & Shand, 2001; Shand, 1997) .
The large variation in transmission cut-offs found between and, in some cases, within families, indicates that several different factors may be involved in shaping the particular ocular media transmission properties of each spe-cies. Ultraviolet vision may aid planktonic prey detection, but this may come at the cost of oxidative damage to the eye (Meyer-Rochow, 2000; Sharma, Masuda, & Tanaka, 2005) . It is possible that some species are able to deal with this damage better than others due to internal repair mechanisms (Wiegand et al., 2004 ) and a lack of other protective mechanisms could be a possible reason for why the larvae of a large range of species substantially reduce the amount of ultraviolet light transmitted into their eyes.
One important issue to bear in mind when interpreting these results is that the length of the light path in larvae ocular media is much shorter than that of adult ocular media. As a result one might predict that larval ocular media are much less efficient at blocking UV than adult ocular media for this reason alone. However, in most cases larvae ocular media transmitted only slightly shorter or similar wavelengths as those of adults, suggesting that the eyes of larvae must contain UV-absorbing pigment. Evidence for such pigment has been found previously for lenses (Dunlap, Williams, Chalker, & Banaszak, 1989; Siebeck & Marshall, 2001; and corneae (Appleby & Muntz, 1979; Kondrashev & Khodtsev, 1984; Siebeck, Collin, Ghoddusi, & Marshall, 2003) . As fish grow from juveniles into adults, the transmission of their ocular media is influenced by the combined effects of lens growth and pigment production in lens and cornea . In unpigmented lenses, the relationship between lens diameter and T50 values is predicted to be logarithmic, provided the concentration of lens proteins and aromatic amino acids responsible for the absorption properties of the lens is constant and the Lambert-Beer law applies (Hart & Vorobyev, 2005) . The relationship between diameter and transmission properties in species with pigmented lenses, however, is more complicated and depends on the onset and time course of pigment production . Variable pigment production may be a possible mechanism by which adaptation to a particular light environment can be achieved. However, it is unknown whether fish can actively regulate pigment production or whether this is dependent on parameters, such as diet and UV exposure. There is evidence for a role of both of those factors in the expression of the group of short-wavelength absorbing pigments (Mycosporine-like Amino Acids, or MAAs) found in reef fish mucus (Zamzow, 2004; Zamzow & Losey, 2002) which are pigments that have also been found in reef fish lenses (Dunlap et al., 1989) . MAAs originate from plants and cannot be produced by fishes. Instead they have to be taken up via their food (Carroll & Shick, 1996) . There is some evidence that female reef fish may deposit MAAs into their eggs (Chioccara, Dellagala, Derosa, Novellino, & Prota, 1980) and hatchlings of those reef fish may therefore possess pigmented ocular media. However, nothing is known about whether fish are able to store MAAs, how their excretion in mucus and ocular media is controlled, or how MAA concentrations change in the food chain.
The largest difference between larvae and adult T50 values was found in the families Labridae and Blenniidae where a shift of up to 50 nm towards longer wavelengths could be observed. In adult fish of both families there is evidence for pigmentation of the lenses and in Labridae also of the corneae (Siebeck & Marshall, 2001; . The T50 values of specimens belonging to the families Mullidae, Pomacentridae and Teraponidae show differences of 10-30 nm between larvae and adult eyes and all transmit UV. These differences could be caused by an increase in path length of unpigmented lenses. Mullid lenses were found not to contain pigment, however, there is evidence that some pomacentrid lenses may contain small amounts of MAAs but no data exists for teraponids. Alternatively, it is also possible to achieve this increase in T50 values if a constant pigment concentration is achieved (effects of dilution and pigment productions are equally strong) while lens diameter and path length increases. This mechanism could also be responsible for the relatively small changes (10-30 nm) observed for the families Siganidae and Gobiidae.
Species of many families showed very little difference in larvae and adult T50 values. This is possible if throughout the lifetime of the fish, pigment production is regulated so that the effect of an increasing light path due to the growth of the lens is annihilated. There is evidence for pigmented lenses in the families Balistidae, Pomacanthidae, Acanthuridae, Carangidae and Chaetodontidae (Dunlap et al., 1989; . None of the measured larvae in this category were found to have ocular media that transmitted far into the UV. Whether there is a sudden or gradual change from UV-transparent ocular media to UVabsorbing ocular media (advantageous for the benthic lifestyle), or whether they already possess a high pigment concentration at hatching is unknown.
A decrease in T50 values with age, such as found for apogonids and holocentrids can be achieved if pigment production stops while the lens is still growing leading to dilution of the water soluble pigments (MAAs; . Such a decrease has been described in two freshwater species and it was proposed that they complete a pigment accumulation phase during their embryonic stages followed by a pigment dilution phase (Choat, Doherty, Kerrigan, & Leis, 1993; Doherty, 1987) .
In conclusion, it appears that planktivory alone cannot be used as a predictor for ocular media properties of larval fish. The adult lifestyle appears to play a more important role in shaping the particular properties of larval ocular media. A number of other parameters, including the light environment which is known to influence the sensitivity of fish visual systems as well as the ability of fish to cope with the dangers of UV radiation may also influence the properties of protective filters such as the ocular media. It is postulated that pre-settlement larvae with a nocturnal lifestyle as adults, benefit from UV-protection during their pelagic phase and thus have UVblocking ocular media.
Future studies need to address other parameters influencing the properties of the ocular media of reef fishes that have not been discussed widely and deserve more attention. Specifically, (i) the source and availability of short-wavelengths absorbing pigments (MAAs) found in the eyes of reef fish as well as in their mucus, and (ii) other possible mechanisms for UV protection, such as DNA repair mechanisms. The concentration of short-wave absorbing pigments in mucus and eyes and therefore the T50 value may be dependent on whether or not other UV-protective mechanisms exist.
